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LIGHT EMITTING DEVICE GROWN ON A
RELAXED LAYER

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 12/783,197, filed May 19, 2010, which 1s 1ncor-
porated herein 1n whole by reference.

The present invention relates to a semiconductor light
emitting device grown on a semiconductor layer that 1s at least
partially relaxed.

Semiconductor light-emitting devices including light emat-
ting diodes (LEDs), resonant cavity light emitting diodes
(RCLEDs), vertical cavity laser diodes (VCSELSs), and edge
emitting lasers are among the most efficient light sources
currently available. Materials systems currently of interest in
the manufacture of high-brightness light emitting devices
capable of operation across the visible spectrum include
Group I1I-V semiconductors, particularly binary, ternary, and
quaternary alloys of gallium, aluminum, indium, and nitro-
gen, also referred to as Ill-nitride matenals. Typically, I11-
nitride light emitting devices are fabricated by epitaxially
growing a stack of semiconductor layers of different compo-
sitions and dopant concentrations on a sapphire, silicon car-
bide, I1I-nitride, or other suitable substrate by metal-organic
chemical vapor deposition ((MOCVD), molecular beam epi-
taxy (MBE), or other epitaxial techniques. The stack often
includes one or more n-type layers doped with, for example,
S1, formed over the substrate, one or more light emitting
layers 1n an active region formed over the n-type layer or
layers, and one or more p-type layers doped with, for
example, Mg, formed over the active region. Electrical con-
tacts are formed on the n- and p-type regions.

As used herein, an “in-plane” lattice constant refers to the
actual lattice constant of a layer within the device, and a
“bulk’ lattice constant refers to the lattice constant of relaxed,
free-standing material of a given composition. The amount of
strain 1n a layer 1s defined as la,,,_,;.,0=8p,01!/@5,1-

When a IlI-nitride device 1s conventionally grown on sap-
phire, the first structure grown on the substrate 1s generally a
GalN template layer with an in-plane a-lattice constant of
about 3.189 A or less. The GaN template serves as a lattice
constant template for the light emitting region 1n that it sets
the lattice constant for all the strained device layers grown
above the template layer, including the InGaN light emitting
layer. Since the bulk lattice constant of InGaN 1s larger than
the in-plane lattice constant of the conventional GalN tem-
plate, the light emitting layer 1s compressively strained when
grown over a conventional GaN template. For example, a
light emitting layer configured to emait light of about 450 nm
may have a composition In, , Ga, ¢,N, a composition with a
bulk lattice constant of 3.242 A, as compared to the lattice
constant of GaN, 3.189 A. As the InN composition in the light
emitting layer increases, as in devices designed to emit light
at longer wavelengths, the compressive strain 1n the light
emitting layer also increases.

FIG. 1 1illustrates the epitaxial structure of an LED
described 1n more detail 1n U.S. Pat. No. 7,547,908. A con-
ventional low temperature nucleation layer 22 i1s grown
directly on the surface of a sapphire substrate 20. Nucleation
layer 22 1s typically a low quality, non-single crystal layer
such as an amorphous, polycrystalline, or cubic phase GaN
layer grown to a thickness of, for example, up to 500 A, at a
temperature between 400 and 750° C. A second low tempera-
ture layer 26 1s grown above nucleation layer 22. Low tem-
perature layer 26 may be a low quality, non-single crystal
layer such as an amorphous, polycrystalline, or cubic phase
[1I-nitride layer grown to a thickness of up to 500 A at a
temperature between 400 and 750° C. Low temperature layer
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2

26 may be InGaN, such that low temperature layer 26
increases the lattice constant of device layers 10 including an
InGaN light emitting layer beyond the range of lattice con-
stants achievable with conventional nucleation structures
such as a conventional GaN template. In some examples, low
temperature layer 26 1s AlGaN or AllnGaN, such that low
temperature layer 26 decreases the lattice constant estab-
lished by nucleation layer 22 1n order to decrease the tensile
strain 1n the AlGaN light emitting region of a UV device. The

light emitting active layers of such devices may be, for
example, AlGaN or AllnGaN.

It 1s an object of the invention to provide a semiconductor
light emitting device that efficiently emaits light.

In some embodiments of the invention, a device includes a
first semiconductor layer, a second semiconductor layer, a
third semiconductor layer, and a semiconductor structure
comprising a I1I-nitride light emitting layer disposed between
an n-type region and a p-type region. The second semicon-
ductor layer 1s disposed between the first semiconductor layer
and the third semiconductor layer. The third semiconductor
layer 1s disposed between the second semiconductor layer
and the light emitting layer. The difference between the 1n-
plane lattice constant of the first semiconductor layer and the
bulk lattice constant of the third semiconductor layer 1s no
more than 1%. The difference between the in-plane lattice
constant of the first semiconductor layer and the bulk lattice
constant of the second semiconductor layer 1s at least 1%. The
third semiconductor layer 1s at least partially relaxed.

In some embodiments, a method comprises growing a first
semiconductor layer, growing a second semiconductor layer,
growing a third semiconductor layer, and growing a semicon-
ductor structure comprising a IlI-nitride light emitting layer
disposed between an n-type region and a p-type region. The
second semiconductor layer 1s disposed between the first
semiconductor layer and the third semiconductor layer. The
third semiconductor layer i1s disposed between the second
semiconductor layer and the light emitting layer. The differ-
ence between an 1n-plane lattice constant of the first semicon-
ductor layer and a bulk lattice constant of the third semicon-
ductor layer 1s no more than 1%. The difference between an
in-plane lattice constant of the first semiconductor layer and a
bulk lattice constant of the second semiconductor layer 1s at
least 1%. The third semiconductor layer 1s at least partially
relaxed.

In some embodiments, the difference between the in-plane
lattice constant of the first semiconductor layer and the bulk
lattice constant of the second semiconductor layer 1s suili-
ciently large that the second semiconductor layer at least
partially relaxes. The difference between the bulk lattice con-
stant of the third semiconductor layer and the in-plane lattice
constant of the first semiconductor layer 1s suificiently small
that the third semiconductor layer at least partially relaxes
when grown on the second semiconductor layer. The in-plane
lattice constant of the third semiconductor layer may there-
fore be larger than the in-plane lattice constant of conven-
tional growth templates. A light emitting layer may be grown
over the third semiconductor layer with less strain than a light
emitting layer grown over a conventional growth template,
which may improve the performance of the device.

FIG. 1 illustrates a prior art III-nitride epitaxial structure
grown on a sapphire substrate.

FIG. 2 1llustrates a I1I-nitride epitaxial structure including
a relaxed layer grown on a GaN layer.

FIG. 3 1llustrates a I1I-nitride epitaxial structure including
a relaxed layer grown directly on a growth substrate.

FIG. 4 1llustrates a thin film flip chip device.
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FI1G. 5illustrates a device with contacts formed on the same
side of the device.

FI1G. 6 1llustrates a vertical injection device.

In embodiments of the invention, a IlI-nitride device
includes two layers, a lattice mismatched layer and a relaxed
layer grown on the lattice mismatched layer. The lattice mis-
matched layer 1s selected to have an extremely high lattice
mismatch to the relaxed layer. The mismatch forces the
relaxed layer to relax. The relaxed layer may be one of the
device layers, though 1t need not be.

Though 1n the examples below the semiconductor device 1s
a [II-nitride LED that emits visible or UV light, embodiments
of the mmvention may be included in other semiconductor
optoelectronic or electronic devices besides LEDs, such as
laser diodes, field effect transistors, and detectors, and
devices {fabricated in other materials systems such as
AlGalnP, AlGalnAs, and AlGalnAsP.

FI1G. 2 illustrates an epitaxial structure grown on a growth
substrate 20 according to embodiments of the invention. A
first layer 30 1s grown on substrate 20, which may be, for
example, S1C, Al,O,, S1, a composite substrate, or any other
suitable substrate. The first layer 30 may be, for example,
GaN, InGaN, AIN, AlGaN, or AllnGaN and may be n-type,
p-type, or not intentionally doped. In some embodiments,
clectrical contact to the n-type region of the device layers 10
1s established by a metal contact formed on the first layer 30.
Accordingly, 1n some embodiments, first layer 30 1s doped
with an n-type dopant to a dopant concentration suitable for a
contact layer.

A lattice mismatched layer 32 1s grown on first layer 30.
Lattice mismatched layer 32 1s selected to have a bulk lattice
constant that 1s different from the layer grown over lattice
mismatched layer 32, which is all or part of n-type region 34
in the structure illustrated 1n FIG. 2. The difference between
the bulk lattice constants of the lattice mismatched layer 32
and the layer grown directly over 1t 1s at least 2% 1n some
embodiments and at least 1% 1n some embodiments. Lattice
mismatched layer 32 has a bulk lattice constant less than 3.18
A, less than 3.17 A in some embodiments, less than 3.16 A in
some embodiments, and less than 3.15 A in some embodi-
ments. For example, lattice mismatched layer 32 may be AIN,
which has a bulk lattice constant of3.11 A, or AlGaN with an
AIN composition of at least 30%, which has a bulk lattice
constant of no more than 3.165 A. The lattice mismatched
layer, the second semiconductor layer, may be AlxGayN,
wherein x>0.3. The layer grown directly on lattice mis-
matched layer 32 may be GalN, which has a bulk lattice
constant of 3.189 A; InGaN, which has a bulk lattice constant
greater than that of GaN; or AllnGaN. An InGaN layer grown
directly on lattice mismatched layer 32 has an InN composi-
tion greater than O and up to 10% 1n some embodiments,
between 1% and 6% 1n some embodiments, and 3% 1n some
embodiments.

For purposes of the present application, the bulk lattice
constant of a ternary or quaternary IllI-nitride compound
A B,C_N may be calculated according to Vegards law, where
a. .~ X(av)+y(agy)+z(acy), where a refers to the bulk lattice
constants of the binary compounds. AIN has a bulk lattice
constant of 3.111 A, InN has a bulk lattice constant of 3.533
A, and GaN has a bulk lattice constant of 3.189 A.

The lattice mismatched layer 32 has a thickness greater
than 10 nm 1n some embodiments, between 10 nm and 500
nm 1n some embodiments, between 20 nm and 200 nm 1n
some embodiments, and between 50 nm and 100 nm 1n some
embodiments. The lattice mismatched layer may remain 1n
the device or 1t may be removed. The lattice mismatched layer
32 may be doped, for example 1n embodiments where 1t
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4

remains 1n the device and 1s disposed between the light emit-
ting region and the n-type layer on which the metal contact 1s
formed. In embodiments where light 1s extracted from the
device through the lattice mismatched layer, an absorbing
lattice mismatched layer may be made as thin as possible.
The lattice mismatch between lattice mismatched layer 32
and the layer grown directly on the lattice mismatched layer 1s
so great that the layer grown directly on the lattice muis-
matched layer 1s unable to align with the lattice of the lattice
mismatched layer. As a result, the initial portion of the layer
grown directly on lattice mismatched layer 32 includes a large
number of defects, then the layer partially or fully relaxes.
The growth conditions may be selected such that the layer
relaxes over a relatively small thickness. The thickness over
which the layer grown directly on the lattice mismatched
layer relaxes (1.¢. the defect-rich region thickness) 1s less than
500 nm 1n some embodiments, less than 200 nm 1n some
embodiments, and less than 100 nm 1n some embodiments.
The thickness over which this layer relaxes in some embodi-
ments 1s kept as thin as possible, to reduce alloy decomposi-
tion for example 1n the case of a ternary layer, and to limit the
feature size of surface roughness to the scale of the thickness
necessary for relaxation. "

T'he layer grown directly on the
lattice mismatched layer may have an in-plane lattice con-
stant greater than 3.19 A in some embodiments and greater
than 3.2 A in some embodiments.

In some embodiments, the difference between the in-plane
lattice constant of first layer 30 and the bulk lattice constant of
lattice mismatched layer 32 1s at least 1%. In some embodi-
ments, the difference between the in-plane lattice constant of
first layer 30 and the bulk lattice constant of the layer grown
over lattice mismatched layer 32 1s no more than 1%. In some
embodiments, the difference between the bulk lattice con-
stant of the layer grown over the lattice mismatched layer and
the in-plane lattice constant of the first layer 30 1s suiliciently
small that the layer grown over the lattice mismatched layer
32 would not substantially relax 11 grown directly on the first
layer 30. Placing the lattice mismatched layer 32, which 1s
heavily lattice-mismatched to both first layer 30 and the layer
grown over the lattice mismatched layer, between first layer
30 and the layer grown over the lattice mismatched layer, may
result 1n full or partial relaxation of both the lattice mis-
matched layer 32 and the layer grown over 1t.

The device layers 10 are grown over the lattice mismatched
layer 32. The device layers 10 include a light emitting or
active region 36 sandwiched between n- and p-type regions
34 and 38. N-type region 34 1s typically grown first and may
include multiple layers of different compositions and dopant
concentration including, for example, preparation layers such
as buller layers or nucleation layers, which may be n-type or
not intentionally doped, layers to facilitate later removal of
the growth substrate, and n- or even p-type device layers
designed for particular optical or electrical properties desir-
able for the light emitting region to efficiently emait light.
Light emitting or active region 36 1s grown over the n-type
region 34. Examples of suitable light emitting regions include
a single thick or thin light emitting layer, or a multiple quan-
tum well light emitting region including multiple thin or thick
quantum well light emitting layers separated by barrier lay-
ers. P-type region 38 1s grown over the light emitting region.
Like the n-type region, the p-type region may include mul-
tiple layers of different composition, thickness, and dopant
concentration, including layers that are not intentionally
doped, or n-type layers.

FIG. 3 illustrates an epitaxial structure according to
embodiments of the invention including a lattice mismatched
layer 32 grown directly on a growth substrate 20. In the
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structure of FIG. 2, the layer grown directly on the lattice
mismatched layer 1s part of n-type region 34 of device layers
10. In the structure of FIG. 3, the layer 35 grown directly on
the lattice mismatched layer 32 1s separate from the n-type
region 34 of device layers 10. The lattice mismatched layer 32
and layer 35 grown directly on the lattice mismatched layer
may have the same properties as described above in reference
to FIG. 2.

FIGS. 4, 5, and 6 illustrate devices including at least part of
one of the epitaxial structures described above in reference to
FIGS. 2 and 3.

In the device illustrated in FIG. 4, portions of the p-type
region and active region of device layers 10 are etched away
to expose an n-type layer for metallization. The n-type layer
on which the n-contact 1s formed may be, for example, n-type
region 34, first layer 30 of FIG. 2, or layer 35 of FIG. 3.
P-contacts 44 are formed on one or more remaining portions
of p-type region 38 and n-contacts 42 are formed on one or
more exposed portions of an n-type layer (n-type region 34 in
FIG. 4). In the device illustrated 1n FI1G. 4, multiple n-contact
regions are iterposed by p-contact regions. In other embodi-
ments, a single n-contact region and a single p-contact region
are formed. The p-contact 44 and n-contact 42 are formed on
the same side of the device. The contacts are generally reflec-
tive and the device 1s generally mounted such that light 1s
extracted through the top surface of the device, n-type region
34 as shown 1n FIG. 4.

The device 1s mounted to a mount 40 through interconnects
(not shown) between n- and p-contacts 42 and 44 and mount
40. For example, the interconnects may be gold-gold inter-
connects and the device may be attached to the mount by
thermosonic bonding, or the interconnects may be solder and
the device may be attached to the mount by reflow soldering.
The growth substrate may be removed by a technique appro-
priate to the growth substrate, such as laser lift-off, etching, or
a mechanical process such as grinding or chemical mechani-
cal polishing. In some embodiments, the semiconductor
structure includes a sacrificial semiconductor layer, which 1s
implanted with an implant species such as H™ that facilitates
later separation of the semiconductor structure from the
growth substrate. The semiconductor structure 1s separated
from the growth substrate by activating the implanted species,
for example by heating which causes the implanted area to
expand and split the sacrificial layer. Implanting a sacrificial
layer and separating a semiconductor structure from a growth
substrate by activating the implant species 1s described 1n
more detail in US Patent Application Publication 2005/
0026394 and U.S. Pat. No. 5,374,564, which are incorporated
herein by reference.

After removing the growth substrate, the epitaxial sub-
strate may be thinned, for example by photoelectrochemical
ctching. In some embodiments, all or part of the epitaxial
structure between substrate 20 and n-type region 34 1llus-
trated 1in FIGS. 2 and 3 1s removed during thinning. The top
surface of the epitaxial structure remaining after thinning
may be textured to improve light extraction, for example by
roughening or by patterning the surface with, for example, a
lattice or photonic crystal structure. In some embodiments,
growth substrate 20 of FIGS. 2 and 3 remains part of the
device. A structure 46 known 1n the art, such as a wavelength
converting element, a dichroic filter, or a lens may be formed
over the epitaxial structure. Light 1s extracted from the device
through structure 46.

Inthe deviceillustrated in F1G. 5, light 1s extracted from the
device through the top surface of the epitaxial structure, 1.e.
the surface on which the n- and p-contacts 42 and 44 are
tformed. The device layers 10 are grown over a lattice mis-
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matched layer 32 as described above. A rough p-type surtace
may be formed. For example, the top portion of p-type region
38 may be grown under conditions that form a rough surface,
a separate, rough p-type layer 48 may be grown over p-type
region 38, or a smooth surface of a p-type layer may be etched
or roughened after growth, for example by photoelectro-
chemical etching. A layer of a transparent, conductive mate-
rial 50 such as a transparent, conductive oxide 1s formed over
the rough p-type surface. For example, transparent conduc-
tive material 50 may be mndium tin oxide, zinc oxide, or
ruthentum oxide. A portion of the p-type structure and light
emitting region 36 are removed to expose an n-type layer.
N-contact 42 1s formed on the exposed n-type layer. P-contact
44 1s formed on a portion of the transparent, conductive
material 50. Material 50 spreads current laterally through the
p-type region 38. N- and p-contacts 42 and 44 may be limited
in extent or made transparent. The device may be mounted
such that light 1s extracted through the surface of transparent
material 50.

FIG. 6 1llustrates a vertical injection LED. A p-contact 44
1s formed on the surface of p-type region 38 and the epitaxial
structure 1s attached to a mount 352 through p-contact 44. All
or a portion of growth substrate 20 may be removed to expose
the surface of an n-type reglon An n-contact 42 1s formed on
the surface exposed by removing the substrate, or on another
exposed n-type surface, such as a side surface of an n-type
region. As illustrated 1n FIG. 6, n-contact 42 1s formed on one
side of the semiconductor structure, and a p-contact 44 1s
formed on the other side of the semiconductor structure.
Electrical contact to the n-contact may be made with a wire
bond 54 as 1llustrated 1n FIG. 6 or a metal bridge. The extent
of the n-contact 42 may be limited as 1llustrated 1n FIG. 6 such
that light may be extracted from the top of the device.

In some embodiments, a structure 1s included 1n the device
to 1increase light extraction from the device, for example by
increasing scattering. For example, a surface of the epitaxial
structure may be roughened. In some embodiments, scatter-
ing 1s caused by a photonic crystal or lattice embedded 1n or
formed on the surface of the IlI-mitride structure. In such a
structure, changes 1n the optical index of refraction are pro-
vided 1n a periodic manner, at a spacing that 1s near the
wavelength of light emitted by the light emitting region in the
maternal. The parameters of the periodic index change, such
as the period and amplitude, may be selected to increase the
amount of light extracted into a desired emission pattern. For
example, the size and spacing of a lattice or photonic crystal
may be selected to maximize the amount of light extracted in
a direction normal to a top surface of the semiconductor
structure. Selecting the parameters for and forming a photo-
nic crystal are described i more detail 1n U.S. Pat. Nos.
7,642,108, 7,442,965, 7,442,964, 7,294,862, 7,279,718,
7,012,279, and 6,956,247, all of which are incorporated
herein by reference.

One or more wavelength converting materials may be dis-
posed over the device to create white light or monochromatic
light of other colors. Unconverted light emitted by the LED
may be part of the final spectrum of light, though it need not
be. Examples of common combinations include a blue-emit-
ting LED combined with a yellow-emitting phosphor, a blue-
emitting LED combined with green- and red-emitting phos-
phors, a UV-emitting LED combined with blue- and yellow-
emitting phosphors, and a UV-emitting LED combined with
blue-, green-, and red-emitting phosphors. Wavelength con-
verting materials emitting other colors of light may be added
to tailor the spectrum of light emitted from the device. Mul-
tiple wavelength converting materials may be mixed i a
single wavelength converting layer or formed as discrete lay-
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ers. Examples of suitable wavelength converting structures
include pre-formed ceramic phosphor layers that are glued or
bonded to the LED, or a powder phosphor disposed 1n an
organic encapsulant that 1s electrophoretically deposited,
stenciled, screen printed, sprayed, sedimented, evaporated,
sputtered, or otherwise dispensed over the LED.

Having described the mvention in detail, those skilled in
the art will appreciate that, given the present disclosure,
modifications may be made to the mvention without depart-
ing from the spirit of the inventive concept described herein.
Therefore, 1t 1s not intended that the scope of the invention be
limited to the specific embodiments illustrated and described.

The mvention claimed 1s:
1. A method comprising:
growing a first Ill-nitride semiconductor layer over a
growth substrate;
growing a second semiconductor layer;
growing a third semiconductor layer; and
growing a semiconductor structure comprising a IlI-nitride
light emitting layer disposed between an n-type region
and a p-type region; wherein
the second semiconductor layer 1s disposed between the
first semiconductor layer and the third semiconductor
layer;
the third semiconductor layer 1s disposed between the
second semiconductor layer and the light emitting
layer, and the third semiconductor layer 1s a continu-
ous layer ol uniform composition that 1s as wide as the
second semiconductor layer;
a difference between an 1n-plane lattice constant of the
first semiconductor layer and a bulk lattice constant of
the third semiconductor layer 1s no more than 1%;
a difference between an in-plane lattice constant of the
first semiconductor layer and a bulk lattice constant of
the second semiconductor layer 1s at least 1%; and
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the second semiconductor layer and the third semicon-
ductor layer are at least partially relaxed.

2. The method of claim 1 wherein the second semiconduc-
tor layer has a different in-plane lattice constant than the first
semiconductor layer.

3. The method of claim 1 wherein the third semiconductor
layer has a different in-plane lattice constant than the second
semiconductor layer.

4. The method of claim 1 further comprising after growing,
the semiconductor structure, removing the growth substrate.

5. The method of claim 1 wherein the third semiconductor
layer relaxes over a thickness of not more than 500 nm.

6. The method claim 1 wherein the third semiconductor
layer has an in-plane lattice constant greater than 3.2 A.

7. The method of claim 1 wherein the second semiconduc-
tor layer comprises aluminum.

8. The method of claim 1 wherein the second semiconduc-
tor layer comprises aluminum and the third semiconductor
layer comprises indium.

9. The method of claim 1 wherein the second semiconduc-
tor layer 1s Al Ga, N, wherein x>0.3.

10. The method of claim 1 wherein the second semicon-
ductor layer 1s AIN and the third semiconductor layer is
In(aN.

11. The method of claim 1 wherein the second semicon-
ductor layer 1s AlGaN and the third semiconductor layer 1s
InGaN.

12. The method of claim 1 wherein the third semiconductor
layer 1s part of the n-type region.

13. The method claim 1 wherein the second semiconductor
layer has a bulk lattice constant of 3.165 A or less.

14. The method of claim 1 wherein the second semicon-
ductor layer 1s 1n direct contact with the third semiconductor
layer.
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